Updated information and services can be found at: The weak acid sorbic acid transiently inhibited the growth of Saccharomyces cerevisiae in media at low pH. During a lag period, the length of which depended on the severity of this weak-acid stress, yeast cells appeared to adapt to this stress, eventually recovering and growing normally. This adaptation to weak-acid stress was not due to metabolism and removal of the sorbic acid. A pma1-205 mutant, with about half the normal membrane H ؉ -ATPase activity, was shown to be more sensitive to sorbic acid than its parent. Sorbic acid appeared to stimulate plasma membrane H ؉ -ATPase activity in both PMA1 and pma1-205. Consistent with this, cellular ATP levels showed drastic reductions, the extent of which depended on the severity of weak-acid stress. The weak acid did not appear to affect the synthesis of ATP because CO 2 production and O 2 consumption were not affected significantly in PMA1 and pma1-205 cells. However, a glycolytic mutant, with about one-third the normal pyruvate kinase and phosphofructokinase activity and hence a reduced capacity to generate ATP, was more sensitive to sorbic acid than its isogenic parent. These data are consistent with the idea that adaptation by yeast cells to sorbic acid is dependent on (i) the restoration of internal pH via the export of protons by the membrane H ؉ -ATPase in an energy-demanding process and (ii) the generation of sufficient ATP to drive this process and still allow growth.
Lipophilic weak acids, such as sorbic and benzoic acid, are commonly used to preserve low-pH foods and beverages (5, 28) . However, yeast and mold spoilage still occurs despite the presence of the maximum permitted level of preservative and good manufacturing practice (22) . Indeed, the resistance of the spoilage yeast Zygosaccharomyces bailii to weak-acid preservatives has become a major problem to the food industry in products which rely on low pH and weak acids for preservation.
Despite low external pH, yeast cells maintain their intracellular pH (pHi) around neutrality (16) for optimal activity of critical metabolic processes (3) . Simultaneously, the cell creates a proton gradient which is essential for active transport of nutrients and thus for growth (10) . However, minor fluctuations in pHi are believed to play a regulatory role by mediating many important cellular processes, and therefore changes in pHi have to be tightly regulated (reviewed in reference 3). Changes in pHi are believed to be important in controlling the cell cycle (1) , and rates of DNA and RNA synthesis appear to increase with higher pHi within the normal physiological range (15) . In addition, key glycolytic enzymes are believed to be regulated by pHi, particularly phosphofructokinase (12) . It is believed that the primary mode of action of weak-acid preservatives is to reduce pHi below the normal physiological range, leading to growth arrest (2, 6, 14) .
Yeasts have a well-developed system for maintaining pHi homeostasis, dependent upon a proton-translocating plasma membrane H ϩ -ATPase. In Saccharomyces cerevisiae, the H ϩ -ATPase is the most abundant plasma membrane protein, constituting over 20% of the total membrane protein. The membrane H ϩ -ATPase couples ATP hydrolysis to the expulsion of protons, generating a proton gradient (24) . Significantly, this enzyme has been shown to be rate limiting and essential for growth (20, 27) and critical in the mechanism of resistance to stress factors such as heat (8) .
If the principal inhibitory effect of weak acids is to reduce pHi, a component of any potential mechanism of resistance to weak acids could involve the proton-translocating H ϩ -ATPase. Indeed, membrane H ϩ -ATPase activity is increased during growth under acidic conditions (11) and conditions that reduce pHi (21) . Also, Viegas and Sa-Correia (31) have shown that exposure to the lipophilic weak acid octanoic acid results in activation of the membrane H ϩ -ATPase. Maintenance of pHi homeostasis can be energetically expensive (11, 24, 25) , resulting in the membrane H ϩ -ATPase consuming between 40 and 60% of the total cellular ATP (26) . Therefore, the maintenance of pHi homeostasis in the presence of weak-acid preservatives may deplete cellular ATP levels significantly (6) . Such a depletion of ATP may restrict growth. Indeed, Viegas and Sa-Correia (31) revealed that activation of the membrane H ϩ -ATPase by octanoic acid was closely associated with a decrease in the biomass yield.
Despite considerable research, the underlying physiological mechanisms allowing S. cerevisiae to adapt and grow at low pH in the presence of sorbic acid remain unclear. The aims of this study were to determine whether the plasma membrane H ϩ -ATPase plays a role in this process and to understand the implications to the cell of this approach to the maintenance of homeostasis upon energy consumption and production. To facilitate these studies, a number of mutant strains were employed. First, a reduced-expression membrane H ϩ -ATPase mutant (30) was used because it has been shown to have approximately 66% less membrane H ϩ -ATPase activity than the wild-type strain (30) . Cid and coworkers (4) showed that the mutant had a reduced growth rate at low pH and that growth was inhibited in the presence of acetic acid, indicating defective pH regulation. Second, a reduced-expression mutant of pyruvate kinase and phosphofructokinase was used to study the effects of reduced glycolytic flux on the cell's ability to grow in the presence of sorbic acid. With these two strains, a matrixtype experiment was done to characterize a number of key physiological parameters during growth at three pH values in the presence of two concentrations of sorbic acid.
MATERIALS AND METHODS
Organisms. The S. cerevisiae strains used in this study are listed in Table 1 . RS-514 (PMA1), with fully functional plasma membrane H ϩ -ATPase, is the (isogenic) parent of RS-516 (pma1-205), a mutant displaying reduced expression of the plasma membrane H ϩ -ATPase (30) . These strains were kindly provided by Ramon Serrano (Departmento de Biotecnologia, Universidad Politecnica, Valencia, Spain). RS-514 and RS-516 were constructed by transforming strain BWG1-7A with plasmid pRS-427 (30) . Strains were maintained on galactose plates, in which the expression of the GAL-PMA1 gene on pRS-427 assured normal growth (30) . To study the effect of reduced membrane H ϩ -ATPase expression from the pma1-205 allele, a single colony from a galactose plate was inoculated and grown to late exponential phase (optical density at 600 nm, 0.8) at 30ЊC with shaking as previously described (30) . These cells served as inocula for the cultures employed in the growth studies.
W303-1B is the isogenic parent of YKC15, a mutant with deregulated and reduced expression of the key glycolytic enzymes, pyruvate kinase and phosphofructokinase. The glycolytic mutant YKC15 was derived from W303-1B by making well-defined changes to the PYK1, PFK1, and PFK2 loci (9) , and a full description of the construction will be given elsewhere (9a) . Briefly, the wild-type coding regions from each of these glycolytic genes were fused separately to the mutant PGK1 ⌬UAS promoter derived from plasmid pMA767 (17) . The upstream activation site, from positions Ϫ389 to Ϫ473, has been deleted from the promoter, thereby removing the Rap 1p and Gcr 1p binding sites (17) but not the heat shock element from PGK1 (18) . The PGK1 ⌬UAS -glycolytic gene fusions were integrated at the corresponding chromosomal loci to (i) disrupt the wildtype PYK1, PFK1, and PFK2 genes and (ii) insert the PGK1 ⌬UAS fusions so that synthesis of wild-type pyruvate kinase and phosphofructokinase would be dependent on the PGK1 ⌬UAS promoter. Fusions were confirmed by DNA sequencing, and correct integration was confirmed by Southern analysis (9) . Pyruvate kinase and phosphofructokinase levels were shown to be decreased about threefold in YKC15 compared with those of the isogenic parent, W303-1B (9) .
Growth conditions. RS-514, RS-516, W303-1A, and YKC15 were inoculated (5 ϫ 10 3 cells ml . The pHs of these media were adjusted with HCl to 5.7, 4.5, and 3.8, respectively. Cultures (100 ml) were grown in 250-ml flasks for growth and ATP determinations and in 500-ml Duran bottles for respiratory datum determination. Growth was monitored by optical density readings (600 nm).
Measurement of acid efflux. Late-exponential-phase cultures (optical density at 600 nm, approximately 1.0) were harvested rapidly by filtration with 1.2-mpore-size cellulose acetate filters (Sartorius). The cells were immediately washed from the filter and resuspended in sterile distilled water (40 mg [wet weight] ml Ϫ1 ). The rate of glucose (10 g liter Ϫ1 )-induced acid efflux was determined at 30ЊC from the rate of proton extrusion into unbuffered water as described previously (7).
ATP determination. Free intracellular ATP pools were determined with a High Sensitivity Bioluminescence kit (Celsis, Cambridge Science Park, Cambridge, United Kingdom) with a Luminoscan luminometer (Labsystems, Basingstoke, Hampshire, United Kingdom). The luminometer was programmed to run at 30ЊC, and fresh YEPD broth was used for an ATP blank. ATP concentrations were determined from a calibration curve of relative light units versus ATP concentration. With this system, 20-l samples of cultures were taken at intervals throughout growth, pipetted into microtiter plate wells, and placed in the luminometer. A 20-l volume of Celsis Bioluminescence reagent was dispensed into each well, and following a 1-s delay and 10-integration time, free ATP in the culture was calculated and expressed as relative light units. Total ATP in the culture (including that present in the cells) was measured by the same method except 20 l of Celsis ATP Releasing Agent was also dispensed into the sample well, to release ATP from the cells, prior to addition of Bioluminescence Reagent. By subtracting the culture [ATP] from the total [ATP], a value for total intracellular [ATP] was obtained.
Determination of O 2 consumption and CO 2 production during growth. Data for O 2 consumption and CO 2 production (microliters per minute) by growing yeast cultures were obtained every 60 min by using a four-channel Micro-Oxymax closed-circuit respirometer (Columbus Instruments, Columbus, Ohio). Changes in the composition of the headspace gas of a sealed culture vessel were detected, and the data were acquired and processed with an IBM-compatible microcomputer.
Reproducibility of results. Unless otherwise stated, all experiments were performed at least twice and representative results are shown.
RESULTS

Reduced expression of the plasma membrane H
؉ -ATPase delays adaptation to sorbic acid stress. The aim of this experiment was to determine whether the plasma membrane H ϩ -ATPase, an enzyme believed to play a role in the maintenance of pHi homeostasis in yeast cells, is an essential component of the physiological mechanism allowing cells to adapt and grow under conditions of weak-acid stress. Yeast strains RS-514 (PMA1) and RS-516 (pma1-205) were grown at a range of pHs and in the presence or absence of sorbic acid (Fig. 1) . The combination of decreasing pH, from 5.7 to 3.8, and increasing sorbic acid extended the lag phase in both strains. Measurement of sorbic acid concentrations by high-pressure liquid chromatography (HPLC) revealed that the recovery from lag phase was not associated with removal of sorbic acid from the medium (results not shown). The effect of sorbic acid was increased at lower pH values, and this is consistent with the observation that a given concentration of weak organic acid is more inhibitory at low pHs than at high pHs because the concentration of the inhibitory undissociated form is greater (2) . Significantly, the extension of the lag phase was always much greater for the mutant with reduced membrane H ϩ -ATPase activity (Table 2 and Fig. 1 ).
Consistent with these results, extended lag phases were also noted when strain RS-514 was grown at a low pH in the presence of the plasma membrane H ϩ -ATPase inhibitor orthovanadate (2 mM) or diethylstilboestrol (0.2 mM) (7, 13) (results not shown).
These data suggest that a reduced membrane H ϩ -ATPase activity impairs the ability of the yeast cell to adapt and grow in the presence of sorbic acid at low pH.
Increased rates of acid efflux correlate with slow adaptation to sorbic acid at low pH. Glucose-induced acid efflux has been shown to accurately reflect membrane H ϩ -ATPase activity in vivo (4, 23) . Therefore, we studied the effect of adaptation and growth in the presence of sorbic acid on the rate of acid efflux from cells.
Levels of glucose-induced acid efflux from the PMA1 and pma1-205 strains grown in the presence of sorbic acid are shown in Table 3 . Glucose-induced acid efflux from the mutant (30) . At pH 5.7, the presence of sorbic acid in the growth media resulted in significant increases in acid efflux from both the PMA1 and the pma1-205 strains (up to 90% above control values). Similarly, growth of cultures at pH 4.5 and 3.8 with 0.9 mM sorbic acid also resulted in significant increases in acid efflux from both strains.
Piper and coworkers (19) have shown that cells growing in the presence of sorbic acid have reduced levels of the H ϩ -ATPase enzyme present in the plasma membrane. In view of this, the observed stimulation of acid efflux from whole cells exposed to sorbic acid appears to be due to increased activity, and thus increased rates of proton pumping, by the plasma membrane H ϩ -ATPase. This would be consistent with the observations of Viegas and Sa-Correia (31), who showed that the lipophilic weak acid octanoic acid stimulated membrane H ϩ -ATPase activity in yeast cells. Exposure to increasing sorbic acid stress has no significant effect on overall levels of CO 2 production and O 2 consumption. The aim of the following experiment was to study the effect of sorbic acid stress on the levels of carbon flux, and thus energy generation, during adaptation and growth at low pH in the presence of sorbic acid. At all culture pH values tested, rapid CO 2 production accompanied exponential growth of both PMA1 and pma1-205 strains on glucose (Fig. 1) . CO 2 production peaked during exponential growth, whereas O 2 consumption peaked at the end of the exponential growth phase, when CO 2 production rates decreased. At this point, the respiratory quotient increased to 5 (not shown). Therefore, the cultures grew mainly, but not exclusively, by fermentation of glucose, switching subsequently to respiratory growth on the ethanol produced during the initial fermentative growth phase (Fig. 1) . Following this, there was a second, smaller increase in CO 2 production corresponding with a large decrease in O 2 consumption. This may be due to fermentation of the breakdown products of storage carbohydrates such as glycogen. Significantly, decreased culture pH (from pH 5.7 to 4.5 or 3.8) or sorbic acid addition (0.45 or 0.9 mM) did not affect significantly the total level of CO 2 produced or O 2 consumed by the PMA1 and pma1-205 strains (although the reactions occurred over different time scales) (Fig. 1) . This suggests that the overall levels of carbon flux, and thus energy generated, were similar even under conditions in which increasing sorbic acid stress caused depletion of free cellular ATP pools (see below) and significant lag periods before adaptation and growth occurred. Adaptation and growth in the presence of increasing sorbic acid stress result in the depletion of intracellular ATP pools. As described above, overall levels of energy generation were similar in PMA1 and pma1-205 strains as sorbic acid stress was imposed (Fig. 1 ), yet these conditions appear to stimulate membrane H ϩ -ATPase activity (Table 3) , a major consumer of ATP (26) . Hence, the objective of this experiment was to determine the effect of sorbic acid stress on intracellular ATP levels.
Free ATP was determined with a bioluminescence assay which measures ATP per milliliter of culture rather than per unit of cell mass, offering the advantage of rapid, accurate determination under in vivo conditions without significant manipulation of the samples. Analysis of the growth of the PMA1 and pma1-205 strains at pH 5.7 (results not shown), 4.5 ( Fig. 1a  and b) , and 3.8 ( Fig. 1c and d) revealed that cellular ATP pools increased during exponential growth as the biomass increased and declined when the cultures changed from fermentative to respiratory growth.
Throughout the entire datum set, ATP pools consistently reached higher levels in the pma1-205 mutant than in the PMA1 strain (Fig. 1) . The membrane H ϩ -ATPase is known to consume significant amounts of total cellular ATP (26) . Thus, the increased accumulation of ATP in the pma1-205 mutant (compared with that in the PMA1 strain) is consistent with the mutant having lower plasma membrane H ϩ -ATPase levels and thus a reduced rate of ATP consumption. At pH 5.7, exposure to increasing sorbic acid had no significant effect on ATP levels (results not shown). However, at pH 4.5, exposure to 0.45 (Fig.  1b) and 0.9 (results not shown) mM sorbic acid resulted in a 10-fold decrease in total levels of cellular ATP compared with that of cultures containing no sorbic acid. This occurred for both the PMA1 and the pma1-205 strains. Reducing the pH from 4.5 to 3.8 in the absence of sorbic acid resulted in a 100-fold decrease in the intracellular pool of ATP (Fig. 1c) , with a further 10-fold decrease in the presence of 0.45 mM sorbic acid (Fig. 1d) . This reduction in the ATP pool represents a dramatic reduction in the intracellular energy charge [ATP/(ADP ϩ AMP) ratio] since Krebs and coworkers (14) have shown that weak acids do not alter the total adenine nucleotide pool size in yeast cells. Reduced glycolytic flux delays adaptation to sorbic acid stress. The above experiments indicated that sorbic acid stress leads to an increase in ATP consumption without affecting ATP production significantly, thereby causing a decrease in energy charge. Presumably, therefore, a strain with an impaired ability to generate ATP would be more sensitive to sorbic acid stress. Hence, we compared the behavior of the glycolytic mutant YKC15 with that of its isogenic parent, W303-1B (Fig. 2) . Pyruvate kinase and phosphofructokinase levels are reduced about threefold in YKC15, which displays slight reductions in glycolytic flux and growth rate compared with those of W303-1B (9) .
At all culture pH values tested, W303-1B showed respiratory   FIG. 2 . Growth of S. cerevisiae W303-1A (parent strain) (solid symbols) and YKC15 (mutant with reduced expression of PYK1, PFK1, and PFK2) (open symbols) at pH 5.7 without (a) or with (b) sorbic acid (0.9 mM). The following physiological parameters were measured: growth, determined by change in optical density (s and ᮀ); total intracellular ATP (} and {); total O 2 consumed by the culture (expressed as a negative value) (å and Ç); and total CO 2 produced by the culture (F and E). rates, total CO 2 production, and total O 2 consumption similar to those of the PMA1 and pma1-205 strains ( Fig. 2 ; results for pH 4.5 not shown). Consistent with previous observations (9), YKC15 showed a slight decrease in growth rate and a reduced rate of CO 2 production, and the overall level of CO 2 produced was decreased by approximately 25% at all culture pHs tested ( Fig. 2a ; results for pH 4.5 not shown). Reduced glycolytic flux was also manifested by a reduction in the respiratory quotient from a maximal value of 47 in W303-1B to 35 in the glycolytic mutant (results not shown). Interestingly, YKC15 also displayed significantly reduced ATP levels compared with those of W303-1B, consistent with reduced rates of glycolytic flux in the mutant (Fig. 2) . Not surprisingly, W303-1B and YKC15 behaved differently in response to sorbic acid stress (Fig. 2) . At a growth pH of 5.7, at which previously we have observed very little inhibitory effect of sorbic acid, the addition of 0.9 mM sorbic acid to YKC15 cultures resulted in a significant extension of the lag phase compared with that of W303-1B. Consistent with this, ATP levels were almost undetectable in YKC15 cells exposed to sorbic acid. This was the case at concentrations of 0.9 ( Fig.  2b ) and 0.45 (not shown) mM. As for the PMA1 and pma1-205 strains (Fig. 1) , once YKC15 and W303-1B entered exponential phase, their growth rates were not dramatically affected by sorbic acid (Fig. 2) . However, when the pH of the culture was reduced to 4.5, the addition of 0.45 or 0.9 mM sorbic acid resulted in almost total inhibition of growth for the glycolytic mutant (not shown). Hence, YKC15 is more sensitive to sorbic acid stress than the wild-type or pma1-205 strain. As for the PMA1 and pma1-205 strains (Fig. 1) , the addition of sorbic acid did not lead to decreased CO 2 production or O 2 consumption in YKC15 (Fig. 2) . Therefore, the reduction in ATP levels mediated by sorbic acid was not due to inhibition of glycolytic flux.
DISCUSSION
Growth of yeasts under conditions of low pH in the presence of weak-acid preservatives is a major concern in the food industry. It is well known that the principal inhibitory mode of action of weak-acid preservatives, at low extracellular pH, is reduction of pHi causing growth arrest (2) . However, growth and spoilage can occur because some yeasts, e.g., Z. bailii, are resistant to weak acids or because other yeasts are able to adapt to the presence of the preservative. In fact, S. cerevisiae cells grown in the presence of sorbic acid and reinoculated into fresh medium containing sorbic acid grow with a shorter lag phase (results not shown). A number of explanations for this adaptation to sorbic acid have been proposed. Cole and Keenan (6) implicated plasma membrane H ϩ -ATPase activity as a mechanism of weak-acid resistance. Other suggestions include an increase in cellular buffering capacity and activation of weak-acid extrusion pumps (32, 33) . Until now, a precise role for any of these mechanisms has not been clearly established. There are no reports in the literature of yeast metabolizing sorbic acid, and we have demonstrated that adaptation is not due to removal of sorbic acid from the culture medium (results not shown). Taken together, these observations imply that yeast cells must adapt to the physiological effects of the weak acid before entering exponential growth.
The plasma membrane H ϩ -ATPase couples hydrolysis of ATP to expulsion of protons and is known to consume a large proportion of total cellular ATP (26) . In this study, we present several types of data which support the idea that the membrane H ϩ -ATPase plays a critical and energy-demanding role in adaptation to weak-acid stress. First, measurements of glucose-induced acid efflux, which reflects H ϩ -ATPase activity in vivo (4, 23), suggested that plasma membrane H ϩ -ATPase activity increased during growth in the presence of sorbic acid, particularly in the pma1-205 mutant (Table 3 ). This increase is probably due to activation of the plasma membrane H ϩ -ATPase in response to the reduction in pHi that is known to occur upon exposure to sorbic acid (2) . Indeed, a similar observation was made by Viegas and Sa-Correia (31) in a study of H ϩ -ATPase activity from cells grown in the presence of octanoic acid. Clearly, activation of the plasma membrane H ϩ -ATPase could be an important component of the adaptive mechanism which allows yeast cells to grow under conditions of sorbic acid stress. The hypothesis was also supported by the observation that the membrane H ϩ -ATPase is required for optimal adaptation to sorbic acid stress. A strain with reduced levels of the plasma membrane H ϩ -ATPase (30) displayed significantly extended lag phases in response to sorbic acid stress (Fig. 1 ).
Under all conditions tested, sorbic acid did not appear to have a major effect on total glycolytic or respiratory flux, since total CO 2 production and O 2 consumption were not affected significantly (Fig. 1) . This suggested that the reductions in cellular ATP observed during growth in the presence of sorbic acid were due to increased ATP consumption rather than decreased ATP production. Consistent with this, ATP accumulated to higher levels in the pma1-205 mutant than in the wild-type strain, but upon exposure to weak-acid stress, the extended lag displayed by both the pma1-205 and the PMA1 strains correlated with dramatic reductions in cellular ATP levels. These levels recovered very slightly as exponential growth was resumed (Fig. 1) . The consumption of large amounts of ATP by the membrane H ϩ -ATPase in an effort to restore pHi homeostasis in the presence of sorbic acid could account for these observations.
The analysis of the glycolytic mutant YKC15 supported this idea. The reduced pyruvate kinase and phosphofructokinase levels in this strain caused a slight decrease in glycolytic flux (Fig. 2) , but once again, the exposure of this strain to weakacid stress did not lead to a decrease in total CO 2 production and O 2 consumption. However, this strain was more sensitive to weak-acid stress than its isogenic parent, W303-1B (Fig. 2) . The reduced ability of YKC15 to generate sufficient ATP to satisfy both maintenance of pHi homeostasis and optimal growth could account for this increased sensitivity.
To summarize, the adaptation of S. cerevisiae to sorbic acid at low culture pHs appears to depend on the proton-exporting activity of the membrane H ϩ -ATPase. Clearly, this requires the provision of sufficient ATP to drive this energy-demanding process without depleting cellular ATP levels so that growth is affected.
Future experiments will attempt to elucidate the regulatory role of parameters such as pHi during adaptation to weak-acid stress. It is hoped that this approach will lead to further understanding of the underlying physiological mechanisms of pH stress and resistance in yeast cells.
